Aerofoils operating in a turbulent flow are an efficient source of noise radiation by scattering vorticity into sound at the leading edge. Much work has now been undertaken demonstrating the effectiveness by which serrations, or undulations, introduced onto the leading edge can substantially reduce broadband leading edge interaction noise. However, all of this work is focused on sinusoidal leading edge serration profiles. In this paper, an alternative profile is proposed that is capable of providing significantly greater noise reductions than the maximum noise reductions that can be achieved by single-wavelength serrations of the same peak-to-root amplitude. In its most general realization, the leading edge serration profiles simply comprise a sawtooth or single wavelength serration, for which every root has a single narrow slit. This simple geometry, upon interaction with a turbulent flow, produces compact source regions at either ends of the slit, which then destructively interfere, leading to considerably less efficient noise radiation than conventional single-wavelength geometries. The paper will demonstrate experimentally that even slits by themselves can provide greater levels of noise reduction than conventional profiles of the same peak-to-root amplitude.
Before presenting the measured noise reduction spectra we first present a simple theo-
82
retical framework for describing the mechanism underlying the additional noise reductions 83 compared to conventional sawtooth leading edge serrations. 
90
The reason for this behaviour has been investigated in [13] . They showed that the root of 91 the serrated leading edge is the dominant noise source due to the presence of a secondary 92 horseshoe-like vortex system generated by the serrated leading edge, which alters the up- 
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Consider two compact sources located at the streamwise locations x 1 and x 1 + h s with 98 source strengths q r (x 1 , ω) and q w (x 1 + h s , ω), as shown in figure 1 . However, these source 99 strengths have been shown on single wavelength serration to be solely a function of the non-100 dimensional frequencyω = ωh/U , where h is the overall serration height as demonstrated by [10] . In the case of the slitted root, the source strengths q r and q w are now complicated 102 functions of the slit geometry q r = q r (ω, h s , h, w, λ) and q w = q w (ω, h s , h, w). The path length 103 differences between q r and q w to a far-field observer can be neglected since they are generally 104 much closer together compared to an acoustic wavelength. The total radiated pressure is 105 therefore proportional to the sum of source strengths with relative phase difference included, 106 p(ω) ∝ q r (x 1 , ω) + q w (x 1 + h s , ω)e −iωhs/U .
In this paper we make the assumption that the incoming turbulence is frozen, i.e., bulence is homogeneous, the space-time correlation function
for the velocity v between the two stream-wise positions x 1 and x 1 + h s is of the form
whereR(h s − (t 1 − t 2 )U ) is the spatial correlation function in the reference frame moving 112 with the flow. A direct consequence of this frozen turbulence assumption is that the sources 113 q r and q w at either ends of the narrow slit must be perfectly coherent since the turbulent 114 eddies that excite them simply convect with the mean flow along the slit height h s as a 115 frozen pattern of turbulence. The radiated sound power W (ω) is proportional to mean 116 square pressure,
Substituting (1) into (3), the radiated sound power becomes,
where q 2 r (ω) and q 2 w (ω) are the mean square source strengths at the frequency ω at the two 119 locations either ends of the slit and q r (ω)q * w (ω) represents the cross spectra between the two 120 sources. The advantage of the slitted-root design is that these sources are highly coherent
121
and hence the cross spectrum may be replaced by the product of the rms source strengths,
The sound power radiation W (ω) from the slitted root serration may now be compared
123
to the baseline un-slitted sawtooth profile of the same overall amplitude W s (ω), which we 124 assume is due to a single compact source at the root of the serration q(ω) 
Overall sound power reductions provided by these slitted-root profiles therefore comprise interference between the two coherent sources q r and q w at either ends of the slit, which we 131 shall denote as ∆PWL A . The overall sound power reduction may therefore be written as,
The additional noise reductions due solely to inference effects may therefore be obtained 133 by subtracting the sound power level spectra due to a slitted-root serration from that due 134 to the un-slitted-sawtooth serration of the same peak-to-root amplitude, which may be esti-
135
mated from ∆P W L = 10 log 10 (f h/U ) + 10. Equation (6) for the additional noise reduction 136 spectra makes clear that it is completely governed by two source strength ratios. One, r(ω),
137
quantifies the relative strengths between the two sources at either ends of the slit,
The second, s(ω), quantifies the relative strengths between the source at the root location
139
of the un-slitted profile and the sum of source strengths at either ends of the slit,
The final expression for the additional sound power level reduction in terms of the ratio of 141 source strengths defined in Equations (8) and (9) is given by,
142
∆P W L A (ω) = 10 log 10 s 2 (ω)
where,
Equation (10) As discussed above, we are concerned with the two limiting cases of slitted-root geometry.
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One occurs for very small slit width for which the source strength q w (ω) at the downstream 155 end of the slit tends to zero and hence, r(ω) → 0. The other is when the slitted-root 156 parameters are chosen so that the source strengths at either ends of the slit are equal and
Slit width tends to zero
As the slit width tends to zero the source strength at the end of the slit may be neglected 160 at all frequencies and hence r(ω) → 0, Equation (10) becomes,
161
∆P W L A (ω) = 20 log 10 s(ω) ,
In this limiting case the sound power reduction is therefore determined solely by s(ω) the 162 ratio between the source strengths at the root of the baseline sawtooth to that of the total slits, q w (ω) must be negligible and hence, The second limiting case of interest here is when the source strengths at either ends of 176 the slit are exactly equal, which we assume is independent of frequency, i.e., r(ω) = 1, which 177 can be obtained through optimal choice of slitted root geometry. In this case, the noise 
Noise reductions are now solely controlled by the frequency ω in relation to the tuned 180 frequency ω 0 . Thus, by simply introducing narrow slits onto a leading edge profile, signifi-cantly enhanced noise reductions can be obtained compared to un-slitted profiles of the same 182 amplitude. In the next section, the experimental setup is described which allows the pro- 
IV. ACOUSTIC PERFORMANCE OF SAWTOOTH SERRATIONS

255
Before considering the effects of introducing slits at the serration roots we first consider single-wavelength serration at the optimum wavelength.
286
The noise reduction spectra due to the slitted root serration can be seen to peak at a 287 frequency very close to the tuned frequency ω 0 marked on this figure as a vertical arrow.
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The noise reduction at this peak frequency is substantially higher by about 11dB than the un-slitted case. Therefore, in the low frequency limit, the source strength ratio s(ω) = 1.
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In the next section the sensitivity of noise reduction to slit width w is investigated, with 303 particular emphasis on highlighting the different noise reduction mechanisms involved in the 304 limit of very small slit width, w → 0, and the optimum slit width when r(ω) → 1. source strength by virtue of the increased edge length and hence reducing s(ω).
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We emphasize that, in general, s(ω) is not known. However, s(ω) = 1 was chosen for 319 consistency with the results of figures 7 and 6, which both indicate that, for all slit widths 320 under investigation, in the low frequency limit, the slitted and un-slitted serrations provide 321 nearly identical noise reductions, and hence we can infer that s(ω) → 1 in this limit.
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The results in Figure 7 provide an overview of the advantages of introducing slits at the 323 serration roots whilst maintaining the same overall amplitude.
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The noise reduction spectra in this figure may be summarized as follows: • For all slit widths w investigated, levels of noise reduction always exceed those of the 326 un-slitted sawtooth serrations of the same amplitude. The exception is at high fre-327 quencies where its performance is slightly worse compared to the sawtooth profile (by 328 a few dB). We emphasize that this geometry still provides noise reductions compared 329 to a straight leading edge.
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• The smallest slit width w/λ=0.033 (w=0.5 mm) under investigation provides almost 
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• As the slit width is progressively increased the levels of noise reduction increase, reach- noise spectra therefore fall within these two limits.
351
• The peak frequency ω/ω 0 may be seen to reduce from above 1 to below 1 as the q r and q w is highly dependent on slit width, as we shall show in section VII below.
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VI. INFLUENCE OF h s ON ADDITIONAL NOISE REDUCTIONS
364
In this section we investigate the influence of the slit height h s on the noise reductions.
365
The additional noise reduction spectra ∆P W L A are plotted against non-dimensional fre- 
373
The peaks in the noise reduction spectra in Figure 9 of maximum noise reduction all 374 occur close to the tuned frequency of ω/ω 0 ≈1. Note that variations in the peak frequency 375 ω/ω 0 are likely to be for the same reason as for the varying peaks in figure 7, which can be 376 explained by the varying effective separation distance h * s with slit height h s .
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A clear trend in the noise reduction spectra is observed. As the slit height h s is increased 
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To quantify the sensitivity of the noise reduction performance to slit height, the overall of between 0.15 and 2 and plotted against h s /2h in Figure 10 .
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For this combination of slit width, wavelength and frequency bandwidth, the overall noise of introducing slits to a 5% thick 3D aerofoil typical of an Outlet Guide vanes will be 397 examined in section VIII.
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VII. COMPARISON BETWEEN PREDICTED AND MEASURED ADDITIONAL
399
NOISE REDUCTIONS
400
To assess the validity of the noise reduction mechanism described by Equation (10) simplicity, we have assumed that r(ω) is independent of frequency. These simulations also 410 assume a value of s(ω) = 1, which we know to be correct only in the low frequency limit.
411
However, its precise value at higher frequencies is unknown and is therefore a source of error 
F(x/c(r)), 2/3 < x/c(r) < 1
This geometry therefore preserves the typical baseline aerofoil profile at all radial position,
461
where the chord c(r) = c 0 + g(r) is slitted profile as sketched in Figure 1 and g(r) is the 462 profile described about the mean chord line.
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The sound power reduction spectra for the 3D slitted aerofoil is plotted in Figure 14 
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